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26. The variable coupling may be implemented by varying the etching depth between the guides of the basic polymer guide coupler with a spacing of 10 µm, the range of coupling is shown. 16 27. The electrode structure with the even microstrip mode for the polymer coupler with its characteristic impedances shown. 17 28. The electrode structure with slow wave implementation for the coupler in even mode. 18 29. Microwave index for electrode structure in figure 28, even mode excitation. 18 iv Tables   I  Parameters for different materials for switching voltage length calculation.  5  II Voltage-length product values for different designs, with p values and l/Lc 6 for coupler designs.
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Objective
The objective of this study was the linearization of optical modulator response in the variable coupling directional coupler modulator with particular emphasis on the realization in polymer waveguide structures.
Introduction
The co-directional coupler electro-optic modulator has an additional degree of freedom that is not available with the traditional Mach-Zehnder interferometric modulator. This additional parameter for the coupler modulator is the coupling function which can vary over the length of the device, and the variable coupling form may be synthesized to obtain the required response function. Thus, a linear response modulator may have its coupling function synthesized, and in fact a device of this type has been realized in GaAs/AlGaAs [1] previously. The synthesis method in this project uses the inverse Fourier transform method as a first guess, as it is can be shown that the coupling function and the output guide signal field are approximate Fourier transform pairs [2] . The synthesis then is performed using a modified form of Newton's method with this first guess as its initial value [3] . In this project the technique has obtained two linear modulator designs, and the switching voltages of these are compared to the traditional Mach-Zehnder and the uniform directional coupler designs.
The coupling functions synthesized by this technique have real values obtained by choosing symmetric response functions. However, these functions also have negative coupling regions, and the negative coupling regions are obtained by placing a π phase shift in one of the guides relative to the other. Subsequent return to positive coupling is obtained by inserting another phase shift region. In the linear modulator [2] this was realized by increasing the length of the one of the guides relative to the other. In the case of the GaAs/AlGaAs structure the effective index is about 3.4 at 1300 nm wavelength, and the required increase is 0.19 µm in one of the guides. In the case of the polymer guide with an effective index of 1.61, this increase in length is about 0.4 µm. However, for polymer guides, which are low contrast structures, the bend radii for insertion of this extra length is large, of the order of millimeters for low loss and in these structures a different approach was required. The technique suggested is a section of the coupler in which the two guides have slightly different effective indices, and by choosing an appropriate length the phase shift of π may be readily obtained.
The electrode structure of the current polymer guide Mach-Zehnder modulators are microstrip lines with the Au metallization of about 1 µm thickness, and 8 µm wide. The skin depth in Au metallization at 1 GHz is about 3 µm, which leads to a lossy electrode structure. In this report a low loss Au metallization design for the existing Mach-Zehnder modulators has been obtained. For the coupler modulator, the microstrip lines on the two guides become coupled and thus even and odd modes may be obtained by the form of excitation. In this case, it is suggested that the even mode be used, with the polymer poled in opposite directions under the two electrodes to provide the necessary push pull effect. However, in this case the impedance of the even mode microstrip line is of the order of 35 ohms, including the slow wave structure for matching the phase velocity and the optical guide velocity. For even mode excitation, the domains under the two optical waveguides would have to be reverse poled. Using the odd mode excitation for this line results in higher impedance, but this was not examined due to time constraints.
The following sections summarize the work in these areas.
Design Technique for Coupler Modulators
The schematic diagram for the coupler is shown in Figure 1 , with the two guides in close proximity to each other, with the input to guide one given as R(0) and the input to the second guide S(0). When a signal is placed on the first guide of the uniform coupler modulator, both the even and odd supermodes of this coupler are excited, with the modes adding constructively in this first guide and destructively in the second guide. The signal which is now the superposition of the two modes travels down the coupler with the odd mode velocity being slightly higher. A specific distance later the phases of the odd and even modes are interchanged because of the difference in velocities, so that the modes add constructively in the second guide, but destructively in the first, in effect causing a transfer of power from guide one to guide two. Figure 1 : Schematic of the uniform coupling coupler modulator
The coupled mode equations for the directional coupler are given by:
where R and S are the complex amplitude fields in the guides as a function of z, spatial position along the coupler, κ(z) is the coupling coefficient which is a slowly varying function of z, ∆β is the difference in the propagation constants of the two guides uncoupled, δ = ∆β/2, and
In the directional coupler modulator, the guides are made identical to each other, so that δ is zero in the unbiased condition, and the application of bias makes ∆β nonzero, and hence δ is also nonzero.
The solution to these equations for a uniform coupler of length L, with initial conditions of R(0) =1 and S(0) =0, is given by:
The amplitude response of the uniform coupler modulator is given by:
Define the coupling length L c as the distance where all the power in the first guide of the uniform coupler is transferred to the second, or |S| = 1. In the case when there is no bias which implies δ = 0, then from the above equation L = L c = π /(2κ). For the case when bias is applied so that δ is not zero, then for L = L c , for S = 0, δ switch /κ = 3 or δ switch L c = 3π /2. Also when the two guides are biased so as to have different effective indices, then by definition
The difference in the guide effective indices due to bias is given by [2] ∆n guide = (n 3 r xx VΓ) /2d
where n is the guide mean effective index, r xx is the electro-optic coefficient depending on the direction of the field interacting with the optical mode, V is the voltage applied to the coupler electrodes, d is the distance between the electrodes, and Γ is the overlap integral between the bias electric field and the electric field of the optical mode. Substituting for the $\delta$ from the above equation :
for push pull electrode excitation of the uniform coupler.
Using the transformation to the Ricatti equation [1, 2] , it can be shown for very small coupling that Sand κ are related through the Fourier transform equation of the form:
Thus, if the desired intensity response for the coupler modulator is given by | S(δ) | 2 , the first guess with small coupling is obtained from the above equation (10). The coupling function derived from this equation extends to ±∞ , and needs to be truncated symmetrically to prevent chirp being generated. The truncated coupling function will only provide an approximate form of the desired response, and thus needs to be modified to provide a closer agreement. The next step uses the Newton's method [3] , with this truncated response as the first guess. The error in the response function is evaluated, the appropriate Jacobian is obtained, and by the least squares method the correction is obtained. Subsequent iterations move the coupling function closer to the desired response function. Figure 2 shows the desired response function in the form of a trapezoid and the iterated response from the modified coupling function is shown in Figure 3 . The power in the second guide along the coupler is shown in Figure 4 . Note that, for the zero bias case, shown in blue, the transfer of power to the second guide only takes place in the major lobe of the coupling function in the center of the coupler. Thus, the regions of small coupling at the ends of the coupling function contribute to shaping the response function. The green curve shows the power in the guide with bias halfway down the trapezoidal slope region. It becomes apparent that the power is initially transferred to the second guide, and then half of it returns to the first guide to obtain a final value of half. The red curve shows the modulator biased to zero output at the second guide, with initial transfer, and then the power returning entirely to the first guide. The blue curve is for zero bias, green curve is for bias which obtains half power, and the red curve is for bias when no transfer takes place into the second guide.
Calculation of Switching Voltage-Length Product for Different Modulator Designs
When the guide electrodes of a modulator are biased, the index in the guides vary resulting in ∆β becoming non-zero, and in turn this results in δ becoming nonzero. As shown above for the push pull bias, the product of the switching voltage V switch and the modulator length L c is given by the equation:
where p is given by δ switch L /π , and is the figure of merit for the designs, Γ is the overlap integral between the optical field and the bias field, d is the electrode gap, n is the effective index, r xx is the electro-optic coefficient for the geometry being used. For the Mach-Zehnder interferometric modulator p is 0.5, and for the constant coupling coupler modulator p is 0.87. Table I provides the electro-optic constants for different materials used for the switching voltage-length calculations, together with other parameters. The various designs that have been examined in this study are listed in Table II Figure 9 , and the corresponding response in Figure 10 for the truncated coupling function.
The trapezoidal response coupler design coupling function is shown in Figure 11 and the response function in Figure 12 , desired and calculated. Since the realization of this coupling function is difficult, the alternative coupling function with flat topped regions and the corresponding response function, which has suffered from this modification, are shown in Figures 13 and 14 . Two other designs are also considered. In the first design, the coupling is made positive or negative but retains a constant magnitude. This is to be achieved by placing 180 degree phase shifts at the sign change positions, and this is discussed further in the following section. The second design maintains κ constant but switches the sign of δ in the biased condition, either by having segmented electrodes which are biased alternately with opposite polarities or by poling the material, polymer or LiNiBO 3 or other ferroelectric material in alternate directions. In the former, the effect of the sign change for κ results in a slight dip in the transfer of power along the coupler, but ultimately results in a very linear response function as shown in Figure 15 and Figure 16 for a longer device of twice the coupling length, with p=1.8. In the latter case, the change in bias is similar to the delta-beta coupler modulators, but also allows the use of poling to obtain this voltage bias change with continuous electrodes. In this case adjusting the positions and the lengths of the poled sections results in a linear response modulator as shown in Figures 17 and 18 with the device length three times the coupling length, and p having a value of 2.7. 
Distortion Calculations
The usual technique for calculating the distortions in modulators is to express the response function as a polynomial in the applied voltage, and thus for the present case the output signal power is expressed as:
However, expressing the response function in polynomial form results in considerable error and the results are not accurate.
Another method is to superpose two signals at slightly different frequencies, sum them and take the Fourier transform, either in the FFT technique or in the usual integral form. However, it is necessary that periodicity is not violated by taking too small a sequence, and this is also results in inaccuracies due to the large number of points required. The most accurate method is to use the 2D FFT technique in which the two dimensions correspond to the time periods of the two tones passed through the modulator simultaneously. Matlab and other programs have this as a standard function, but it is also possible to program it to work with the single FFT code. Figure 19 shows the trapezoidal response function, with the enlarged section of the response curve. Figures 20 and 21 show the harmonics and the intermodulation distortion third harmonic (IMD3), which are 2f 1 -f 2 and 2f 2 -f 1 components with different drive levels. Drawing the noise floor provides the spur free dynamic range (SFDR), which is the vertical distance from the intersection of the noise floor of the IMD3 line to the fundamental power at that point. 
Linearized Coupler Designs in Polymer Waveguides
The polymer modulator guide structure is shown in Figure 22 from the work of the USC-UCLA groups [4] , except that the width of the electrode structure is 12 µm and the thickness is 10 µm, as per calculations Zehnder modulator had 8 µm wide electrodes, 1 µm thick, leading to a velocity matched microstrip line with impedance of 70 Ω for the individual lines. The polymer guides are poled with bias on the electrodes in the Mach-Zehnder modulator, and in the coupler it is suggested that this type of poling is performed in which the two guides are in oppositely poled material. Since our design suggest a 10 µm spacing, it will be necessary to ensure that surface breakdown does not prevent poling to take place. If this cannot be performed successfully, then we will have to alter our electrode design from the coupled even mode slow wave structure to the odd mode slow wave structure.
Realization of Variable Coupling Designs in Polymer Waveguides
Variable Coupling Schemes
The variable coupling designs may be implemented using alternative approaches as shown in Figure23. The simplest method is the variable spacing scheme, however, the problem of electrodes following the variable spacing remains, and since this changes the electrode impedance this needs to be accounted for. Beam propagation code from RSoft was used to determine the range of coupling that may be implemented with this method, and the results are shown in Figure 24 . These results show that this is the simplest method of implementing the variable coupling concept, with a wide range of coupling that may be implemented, and a smoothly varying coupling function may also be implemented.
The second scheme is to place a third guide between the guides of the coupler. In this case, the third guide needs to be single mode to ensure that no multimode propagation occurs, and also it is necessary to retain the basic odd and even mode structure of the coupler, so that only this basic eigenvector of this three guide coupler is excited. The range of coupling that may be obtained with this method is limited to a two to one ratio as shown in Figure 25 , obtained with the RSoft BeamProp program. The calculations show that a smoothly varying coupling function may also be implemented within this range of variation.
The third scheme is to have the gap between the coupled guides constant, but to vary the etch depth between them. While a wide range of coupling may be obtained with this method, the problem is that when the cladding surface approaches the guide layer, the mode becomes very lossy, due to the etch roughness. Figure 26 shows this for the polymer coupler, again using BeamProp for the calculations. 
Negative Coupling by Phase Shifts
Negative coupling may be implemented by placing a relative phase shift between waveguides. This requires one waveguide to be λ /2 longer than the other. In semiconductor waveguides, in our previous work [3] , the gap was increased between the guides and then an increased λ /2 length was added to one of the guides, in the form of a section of a loop, and the loop radii were in the region of 100 µm or larger. In polymer guides, this requires bends with 0.48 mm or larger radii, which makes these rather long. The alternative is to use a polymer coupler with different waveguide refractive indices to produce this phase shift. Thus, leaving one guide unpoled produces 180degrees phase shift in 40 µm. Implementation of this is thus very simple and does not require the loop phase shifter.
Electrode Structure for Polymer Coupler
The skin effect thickness of gold electrodes, traditionally used in modulators at 1 GHz is about 3 µm and therefore it is necessary to have electrodes with thickness of 10 µm to have minimum conductor loss for modulation at 10 GHz upwards. The polymer guides use microstrip lines for their electrodes and the widths are adjusted so that the phase velocity is close to the velocity of light in the guides, c/1.6. In the case of the polymer coupler, coupled microstrip lines are used in the even mode, so that the optical guide regions under the two guides are poled in opposite directions. With 10 µm thick electrodes considerable energy propagates in the air, and so these become fast wave structures, and to velocity match them we need to introduce additional electrodes which form slow wave structures. However, the impedance suffers, as this is now in the 35 Ω range. These are shown in Figures 27, 28 and 29. 
Conclusions
The project conducted a study of two aspects of the variable-coupling linear response directional coupler modulator. The first part of the study determined the optimum method of synthesizing the coupling function for linear response in conjunction with the implementation constraints. The second part of the study examined the problems involved in implementing the variable-coupling linear response directional coupler modulator in polymer waveguides. In conclusion, this study shows that variable coupling directional coupler modulators with ultra-linear response may be readily realized in polymer waveguides. 
